Abstract A series of experiments were carried out on an indirectly heated pilot scale rotary kiln. These experiments aimed at recording, while the solids flow, the temperature profiles of the freeboard gas, the solid particle bulk and the wall, as well as the power supplied for heating, over a range of operating conditions. Based on these data, the experimental wall-to-solid heat transfer coefficient was determined through an energy balance. The effects of operating conditions, namely rotational speed, filling degree, lifter shape and controlled temperature, on the heat transfer coefficient are discussed. A model based on dimensional analysis is proposed to calculate the wall-to-solid heat transfer coefficient for low to medium heating temperatures (100-500°C). The experimental and calculated results are in good agreement. The experimental results are also compared to the predictions of some existing models. While the predictions are within a reasonable order of magnitude with regard to the experimental results, these models fail to represent actual variations with operating conditions satisfactorily rotary kiln; heat transfer coefficient; wall-to-solid heat transfer; dimensional analysis; lifter; bed depth profile
Introduction
Indirectly heated rotary kilns are widely used as heat exchangers, calciners, incinerators, coolers or dryers. They are usually designed for applications needing tight control and clean heating of materials. Possible applications include [1] : calcination [2, 3, 4] , reduction [5, 6] , controlled oxidation, carburization, solid-state reaction [7, 8] , drying [9, 10] or waste disposal [11, 12] . When operated at atmospheric pressure, these units consist of a cylindrical shell that can be slightly inclined, into which the solid burden is fed continuously at one end and discharged at the other. They are usually equipped with lifting flights or lifters, and/or an exit dam at the kiln outlet end. These units can be classified in two main heating modes, namely directly heated [13] or indirectly heated [14] , depending on the location of the heating source with respect to the kiln tube wall. They are very useful reactors with relatively intense heat and mass transfer, capable of handling large amounts of material. Typical industrial indirectly heated rotary kilns are usually smaller than directly heated ones. The heating system installed at the outer wall of the cylindrical shell can be either electrical or gas fired, and is usually designed so that different zones of the kiln can be heated at different controlled temperatures.
Heat transfer in rotary kilns is very complex and may involve the exchange of energy via all the fundamental transfer mechanisms, i.e. conduction, convection, and radiation. A significant amount of research [15] has been completed to determine heat transfer coefficients or the heat fluxes related to the different modes of heat transfer occurring in rotary kilns; unfortunately the heat transfer mechanisms have not been fully clarified. Most of the experimental apparatus used to study the heat transfer mechanisms in particular from wall-to-solid are batch-fed and indirectly heated, as reported in previous work [16, 17, 18, 19, 20] .
However, it is reported that in rotary kilns the heat transfer is dependent not only on the rotational speed and the kiln tube diameter, but also on the thermo-physical properties and type of motion of the solids.
Recent papers concern DEM simulations carried out to study heat transfer in rotary kilns (for example [21, 22, 23, 24] ), but we will focus here on the experimental work.
Two main procedures to determine the wall-to-solid heat transfer coefficient experimentally have been reported: earlier studies [16, 17, 25] recorded the cooling of solids from a predetermined wall temperature, while recent investigations [18, 19, 20, 26, 27, 14] mostly recorded the transient evolution of temperatures (wall, gas, and solids) during heating. The coefficient was determined through heat balances under some assumptions. A very recent study [28] focused on a long dryer, but at low temperatures.
Although the heat transfer coefficient between wall and solids plays an important role in the heat transfer -especially when modeling the operation of rotary kilns-few correlations have been proposed in the literature. The penetration theory, widely used in the case of fluidized and fixed beds [29] , has been applied several times in previous investigations to determine the overall coefficient of heat transferred between the kiln wall and the bulk bed.
Wes et al. [25] were among the first to use the penetration theory in a rotary kiln with the assumption of equal temperature at the contact point between wall and bulk bed, and considering heat conduction only in the radial direction. The calculations carried out proved that the following analytical formulation is applicable for determining the wall-to-solid heat transfer coefficient:
where k b , ρ b and Cp b are respectively the thermal conductivity, the density and the heat capacity of the bulk. t c is the time during which a point on the kiln wall is in contact with the solids. [25] validated the applicability of the penetration theory by plotting the experimental results against the square root of the kiln rotational speed at a constant filling degree. The resulting curves were straight lines, implying a proportionality in accordance with theory. Lehmberg et al. [17] assumed the presence of a thin layer at the contact between covered wall and bulk materials, and therefore incorporated an equation of heat flux into the penetration theory to account for the thin gap. There have been other attempts by [30, 31, 32, 33, 34] resulting in sometimes very complex equations. Tscheng and Watkinson [30] proposed a model established by rewriting the penetration theory in dimensionless form, with the use of published experimental data, from which the following equation was obtained:
where l ψ is the arc length of the covered wall, ψ is the filling angle, a b is the bed thermal diffusivity, R is the kiln internal radius and N is the rotational speed. Li et al. [34] proposed an extended model of the penetration theory for the wall-to-solid heat transfer coefficient, encompassing the heat transfer coefficient from the bed surface to the bulk materials, and the advection heat coefficient within the bulk materials. The correlation proposed is as follows:
where χ is the thickness of the gas film, d p is the particle size, k g is the gas thermal conductivity. It can be noted that Malhotra and Mujumdar [35] extended the wall surface to the single particle contact heat transfer coefficient known as the first particle heat transfer coefficient to account for different particle geometries. Equation 2 has been used several times [4, 20, 26, 27, 36, 37] and can be regarded as quite reliable. However, as shown by [20, 14, 38] , there were often quantitatively significant differences between the models' predictions. In addition, [38] conducted a sensitivity analysis clearly demonstrating that variations in the wall-to-solid heat transfer coefficient significantly impact the predictions of bed temperature profiles.
The goal of the present paper is to describe an experimental procedure for the determination of the wallto-solid heat transfer coefficient in indirectly heated rotary kilns. The kiln used was operated at varying operating conditions, namely rotational speed, solid mass flow rate, and temperature (100-500°C); it was fitted with an exit dam of different heights and equipped or not with lifters of different shapes. As it has been found that the kiln inclination has no significant influence on the heat transfer [30] , this parameter was kept constant in this study.
The wall-to-solid heat transfer coefficient evaluated in the present study differs from similar previous investigations by [25, 30, 34] . Preliminary results ( [39] chap. 6) about the wall-to-solid heat transfer coefficient were determined through the lumped analysis method, and described the main effects of the operating parameters on the coefficient. However, the simplifying assumptions of this earlier analysis led to much too low values of the wall-to-solid heat transfer coefficient.
Materials and methods

Apparatus and materials
An indirectly heated pilot scale rotary kiln was used to carry out the investigation of the convective heat transfer between wall and gas, as well as the contact heat transfer between wall and solids. It consists of a feeding system, a rotating tube surrounded by a heating system and followed by a recovery zone, in accordance with the layout presented in Figure 1 . Figure 1 : Layout of the experimental apparatus: (1) feed hopper, (2) screw feeder, (3) feed chute, (4) kiln tube, (5) heating system: zones 1 and 2, (6) external thermocouples, (7) measuring rod with thermocouples, (8) storage tank.
The main characteristics of this pilot scale rotary kiln, which was used to investigate the wall-to-solid heat transfer coefficient in the present study, are summarized in Table 1 . Its main part consists of a rotating tube supported on 4 rollers. The tube is surrounded by heating elements (resistors) arranged in two zones in line (called respectively zone 1 and zone 2) and designed to heat the tube wall up to 1000°C. The heating elements are covered with a thick layer of insulation. In addition, a hopper and screw feeder are installed upstream of the kiln tube, followed by a feed chute, and a recovery tank is placed downstream of the kiln tube.
The kiln tube rotational speed can be adjusted within 0.5-12 rpm and its slope set at a maximum angle of 5°. Some features such as lifters and dam (Figure 2c ) can be fitted respectively to the kiln tube internal wall, and at its outlet end. Figure 2 represents these features which may equip the kiln. Straight one-section 10 mm lifters (see Figure 2a ) referred to as straight lifters (SL) and two-section 10 mm lifters with a right angle cross section (see Figure 2b ) referred to as rectangular lifters (RL), were used.
For the thermal metrology, the experimental unit is equipped with thermocouples (TC) placed at different positions as illustrated in Figure 3 to measure the temperature profiles in the bulk bed, free-board gas and at the wall. Temperatures of the solids and the free-board gas are measured by 20 N-type TC 1.5 mm in diameter. These thermocouples are installed in a measuring rod and arranged in a series of 5 sections, S1 to S5. At each section, one TC is embedded and measures the bulk temperature, Ts; the 3 remaining TC are placed in the gas phase and their measurements are averaged to yield the gas temperature Tg. An additional set of 16 K-type insulated TC 3 mm in diameter are used to measure temperatures at the outer wall. As shown in Figure 3 , they are inserted through the kiln insulation and placed around the outer wall in a series of 4 sections, S1 to S4 along the kiln. The average of the temperatures measured at a given section yields the wall temperature, Tw, at the corresponding position. The whole set of TC was calibrated with a tolerance of ±1.5°C in accordance with the supplier's recommendations. The experiments were performed at atmospheric pressure using nodular sand with an average particle size of 0.55 mm and without an axial forced flow of air. The thermo-physical properties of the materials used are given in Table 2 (at 300°C). Note that the density and specific heat capacity of the sand were assumed constant, and the thermal conductivity was determined after the model by [40] . For air, the density was determined from the ideal gas law, and the specific heat capacity and conductivity were determined from [41] . The Inconel thermal properties were extracted from the manufacturer documents [42, 43] that provide Total Normal Emissivity on Oxidized Inconel by heating 15 min at several temperatures. The emissivity of the sand is provided by [44] and was already used by [14] , who designed the pilot rotary kiln.
Experimental procedure
The experimental procedure developed to investigate the wall-to-solid heat transfer coefficient comprised the following four steps:
1. The operating parameters are set to the desired value: the kiln slope is adjusted to 3°(same angle for all runs); rectangular, straight or no lifters are installed at the kiln tube internal wall; the measuring rod is then installed inside the kiln; the desired exit dam is fixed; the rotational speed and the feed rate are set in the control box to the desired value. The hopper is filled and kept topped up, while the kiln is operated at room temperature until steady-state flow conditions are reached. This usually takes 2 to 4 hours. The steady state is assumed to be reached when at least three consecutive measurements of the flow rate at the kiln outlet are equal within a margin of ± 0.05 kg.h −1 .
2. The temperature recording is started at an arbitrary zero time. Until the end of the run, the power supplied to the installation, the ambient temperature around the kiln, and the freeboard gas temperature at the inlet end of the kiln are measured every half hour.
3. 30 min after starting the recording, the temperature is adjusted on the controller and the heating source is turned on either in zone 2 or in both zones 1 and 2.
4. When the supplied power and temperature profiles (wall, gas, and bed) are stabilized, steady state conditions are established. The thermal steady state is assumed to be reached when the temperatures and the supplied power are both stable during at least 2 consecutive half hours, respectively with variations within 2°C or 0.01 kW. The logging is then stopped. The solids are discharged to assess the kiln hold up.
Examples of measured temperature profiles are given in Figures 4 and 5 , when the kiln is equipped with straight lifters, rotated at a speed of 2 rpm and heated to about 300°C in zone 2 and in both zones 1 and 2 (see Figure 3) . It is shown that the temperatures measured at the wall rise steeply from the ambient to reach a plateau at about the given setpoint temperature. Following the heating of the kiln tube wall, the gas and the solids bulk bed temperatures rise but at a lower rate and then remain constant. Figures 4 and 5 show that a thermal gradient may exist within the free-board gas especially between the upper and lower zones at a section of the hot kiln tube.
Heat transfer
Heat transfer mechanisms
Heat transfer in rotary kilns involves the exchange of energy via all the fundamental physical transfer mechanisms, i.e. conduction, convection, and radiation. The heat transfer modes can be classified in three categories, corresponding to three zones, outside, inside, and across the kiln wall.
The dominant mechanism in supplying heat to the solid bed depends on: the kiln operating conditions, notably the heating temperature, the kiln tube design (mainly its diameter) and internal fixtures, and the thermal and physical properties of the solid particles, gas and the kiln wall.
As shown in Figure 6 which represents cross-sections of directly and indirectly heated rotary kilns equipped with lifters, the following heat fluxes may occur (non-exhaustive list):
1. Φ cw−cb , heat transfer flux between the covered wall and the bulk bed, including conduction and radiation.
2. Φ eb−g , heat transfer flux between the exposed bed surface and the freeboard gas, including convection and radiation terms.
3. Φ ew−g , heat transfer flux between the exposed wall and the freeboard gas, including convection and radiation terms.
4. Φ ew−eb , heat transfer flux between the exposed bed surface and the exposed wall, only in terms of radiation.
5. Φ g−f s , heat transfer flux between the freeboard gas and the falling solid particles by convection and radiation for kilns equipped with lifters.
6. S 0 , heat supplied by the heating system, either at the inner or outer kiln wall.
7. Φ loss , heat loss at the kiln wall especially to the ambient for a directly heated rotary kiln by convection and radiation.
In this study, the following heat transfer paths were taken into account to determine the wall-to-solid heat transfer coefficient: wall to solid bed, wall to gas, solid bed to gas and conduction axially through the kiln wall (within the non heated zone). Note that in the absence of temperature recordings, the solids in the gas or in the lifters are not explicitly included.
Heat balance
Within the heating zone(s), a control volume is chosen between two sections at which the bed, gas and wall temperatures are recorded. As the bed and gas temperature variations between the selected sections are small, usually less than 15°C, the bed and gas temperatures are assumed uniform in the control volume. The average gas and bed temperatures between the two sections are considered. The control volume is positioned between S2 and S3 when heating both zones 1 and 2, and between S3 and S4 when heating only zone 2 (see Figure 3 ). The selected control volume can be regarded as a slice of the kiln tube wall; in the case of constant conductivity for steady conduction and no generation of heat, the heat balance at the wall assuming one dimensional heat conduction, convection and radiation is:
The heating of the wall is assumed uniform within the control volume, Ω crtl w , so that there is no axial variation in the wall temperature, thus over a period ∆t = t f − t i , Eq.4 simplifies as: Figure 4: Experimental temperature profiles measured at the kiln outer wall, in the solids bed and in the freeboard gas. Operating conditions: 2 rpm rotation speed, 3°slope, 2.5 kg.h −1 MFR, 33.5 mm exit dam height with straight lifters, and a setpoint temperature of 300°C in zone 2. The wall and gas temperature profiles given are the average of measurements within sections S1 to S5 defined in Figure 3 . T s is the bulk temperature; T w is the wall temperature; T g is the gas temperature; T gu is the temperature of gas at the top in the left side of the kiln cross section; T gbd is the temperature of gas at the bottom in the left side of the kiln cross section; T gbu is the temperature of gas at the top in the right side of the kiln cross section; the last digit indicates the axial position along the kiln. Figure 5: Experimental temperature profiles measured at the kiln outer wall, in the solids bed and in the freeboard gas. Operating conditions: 2 rpm rotation speed, 3°slope, 2.5 kg.h −1 MFR, 33.5 mm exit dam height with straight lifters, and a setpoint temperature of 300°C in zones 1 and 2. The wall and gas temperature profiles given are the average of measurements within sections (S1-S5) defined in Figure 3 . T s is the bulk temperature; T w is the wall temperature; T g is the gas temperature; T gu is the temperature of gas at the top in the left side of the kiln cross section; T gbd is the temperature of gas at the bottom in the left side of the kiln cross section; T gbu is the temperature of gas at the top in the right side of the kiln cross section; the last digit indicates the axial position along the kiln. Herein: 1) exposed wall (ew), 2) heating elements, 3) exposed bed (eb), 4) covered wall (cw), covered bed (cb). In addition: g stands for gas, and fs for falling solids.
Similar to heat-exchanger problems, the logarithmic mean temperature differences (LMTD) are defined as follows:
The wall-to-solid heat transfer coefficient was then determined with the use of the supplied power measured and temperature recordings through:
The supplied power measured, Φ kiln , includes the power delivered to the 2 motors driving the kiln tube and the screw feeder rotationally. These contributions are determined from measurements performed before starting the heating. The effective heating power at the heated zone(s), Φ ef f can then be deduced. Assuming that power is uniformly and totally transferred to the wall by the resistors through radiation over the length, l Zone , the heating power within the control volume of length, l ctrl , is S 0 = Φ ef f l ctrl l Zone . The losses are determined differently depending on whether both zones 1 and 2 are heated or only zone 2 is heated. In the former case, the heat losses include the heating of the measuring rod and the heat losses through the insulation. The temperature of the rod is assumed to be virtually equal to the gas temperature for the calculation. Hence, Φ loss = ρ rod c prod Ω ctrl rod ∆T rod ∆t + φ ins l ctrl ; note that the rod is of the same material as the kiln tube and lifters. In the latter case, the heat losses include the heat transfer within the wall by conduction toward the insulated zone 1 as well as the heat losses through the insulation. Indeed it can be seen in Figure 4 that the wall temperature also increases at section S1 in zone 1. For the calculation the losses are determined up to S1 using the temperature measured at that section giving:
The heat losses through the insulation covering the heating elements were estimated for each heating temperature. When heating at 100, 300 and 500°C, the heat losses through the insulation per unit length, φ ins , were respectively estimated to be about 50, 195 and 390 W.m −1 ; details of the calculations are given in A.
Convection and radiation modeling
Convective heat transfer
Convective heat transfer may occur between the freeboard gas and the boundaries limiting the gas volume.
As there is no axial forced flow of the gas, the heat transfer coefficient between the exposed wall and the gas can be estimated with the use of the correlation obtained from a preliminary analysis ( [39] chap. 6):
herein, the Nusselt number is based on the equivalent diameter,
which is a function of the filling angle (see Figure 7) . Within the range of variation of the operating parameters set for the experiments, the application of Eq. 6 yields coefficients higher than, or about, 10 −2 W.m −2 .K −1 . Figure 7 : Kiln sections with nomenclature of the heat transfer areas, the bed depth and the filling angle.
Radiation heat transfer
To calculate the heat fluxes exchanged by radiation, [45] developed an electrical analogy for a gray body where the following two quantities were defined:
1. Irradiance, E, the flux of energy that irradiates the surface, per unit area and per unit time.
2. Radiosity, J, the total radiation energy streaming from the surface, per unit area per unit time. The radiosity is the summation of the irradiated energy that is reflected and the radiation emitted by the surface as follows:
The net heat flux leaving any particular surface can be written as the difference between J and E, giving with Eq.7:
Considering a surface i reflecting on n surfaces referred to as j, it is possible to write [46] :
where F i,j is the view factor between the surface areas A i and A j . The view factor (or shape factor) is a purely geometrical parameter that accounts for the effects of orientation on radiation between surfaces. The view factor ranges between zero and one. Gorog et al. [47] 
through the gas. Eq.9 can be written as a system of two unknowns, J b and J w :
with:
Estimation of heat transfer areas
An accurate definition of the heat transfer areas is essential for the calculation of the heat fluxes (convective or radiative) on the one hand and the wall-to-solid heat transfer coefficient on the other hand. Knowledge of the bed depth, h bed , or the kiln filling angle, ψ, is required for the determination of the main heat transfer areas, namely, A ew , the interfacial area between the exposed wall (including lifters) and the free-board gas, A eb , the interfacial area between the exposed wall and the free-board gas, and A cw the interfacial area between the covered wall (including lifters) and the bed of solid particles, within the control volume of length l ctrl . Figure 7 illustrates the bed depth, h bed , and the kiln filling angle, ψ, as well as the main heat transfer areas presented above.
The bed depth is assumed almost flat along the kiln, even though this may not be the case at the kiln ends. Under this assumption, the filling angle is determined from the measured kiln hold-up as follows:
With the use of the filling angle, the bed depth is then determined as follows:
Bed depth profile measurements were performed for varying experimental conditions without lifters. These measurements were intended primarily to assess the experimental bed depth within the heating zone 2, where the control volume for the calculations is located. Therefore the measurements of bed depth were mainly located between sections S1 and S5 (see Figure 3) . For this purpose, a measuring rod equipped with 10 thin stems 50 mm in length and 5 mm in diameter, and rotating with the kiln was used. The stems were coated with glue, so that the bed depth could be assessed by measuring the height of hooked particles once steady flow conditions had been achieved. Details about the set up and the experimental procedures are given in B. Figure 16 displays the resulting bed depth profiles in zone 2 determined either by experimental measurements or with the use of Eqs. 11 and 12. As can be seen in Figure 16 , except in one case, the experimental bed depth measurements and the calculated bed depth agree well. It can also be mentioned that the bed depth increases with the mass flow rate or the exit dam height; these variations can be related to those of the hold-up with the operating parameters. The hold-up and the bed depth are linked, as suggested by Eqs.11 and 12: higher hold-up may result in higher bed depth. These two equations were then used to determine the bed depth and filling angle with the use of measured hold-up.
The identified heat transfer areas can then be determined as follows:
The coefficients α, β and γ account for the smoothness of the surfaces. The internal kiln tube wall and the lifters can be considered as smooth surfaces, but this may not be the case for the surfaces at the exposed bed of solids or the contact surface with the wall at the bottom of the bed. Therefore the coefficient α was set to 1, and measurements were performed to determine the coefficients β and γ.
Using the AltiSurf 520 system, 3D micro-topography was performed over planar surfaces of solids 10 mm by 5 mm (3 replicates). The profilometric measurements show that the heights of peaks and valleys along the surface are less than 15% of the particle diameter on average, so that the surface at the exposed bed can be considered plane, and β can be taken as 1. Finally, γ, which accounts for the gas gap between the wall and solid particles, was determined by considering the percentage area filled with solid particles above the determined zero altitude; it was estimated to be about 84.83% ± 8.76. This value is of the order of 80%, as given in the previous literature [29] .
Both surface areas, A ew and A cw , account respectively for the fraction of the kiln wall circumference including lifters that is exposed or covered, within the control volume of length l ctrl . The number of lifters within the covered wall, n cw lif t , was estimated by the ratio of the arc length of the covered wall, lψ (see Figure  7) , to the arc length between two consecutive lifters, l lif t (see Figure 7) . The number of lifters, n ew lif t , at the exposed wall was determined by subtracting n cw lif t from the total number of lifters, n total lif t . Regarding the lifters, instead of their actual length, the effective length for the heat transfer, d ef f , was used. An expression for the lifter effective length was presented in a preliminary analysis ([39] chap. 6).
Results and discussion
The evaluation of the wall-to-solid (w-t-s) heat transfer coefficient was achieved over a period ∆t. This period is imposed by the time required for the measurement of the electrical power supplied to the unit. The measurement was performed using a multifunction meter, which displays the measured power every 30 min. The coefficient was then evaluated every half hour over the length of the run from the temperature profiles and the supplied power. Figure 8 represents the time variation of the w-t-s heat transfer coefficient for both runs, of which the experimental temperature profiles are shown in Figures 4 and 5 . The experimental conditions in these experiments were similar except for the heating zone. For both, the results show that the coefficient increases rapidly during the first two hours and then remains virtually constant, similar to the temperature profiles. One may expect very similar trends of the profiles, but there are some discrepancies between the two profiles with higher values of the coefficient for the experiment heating both zones 1 and 2. The difference observed can possibly be due to the hypothesis made while taking into account the losses. However the calculated error bars of the coefficients of these runs are mostly overlapping.
Experimental wall-to-solid heat transfer coefficient
Time variation of the coefficient
Further details about the calculation of the uncertainties are given in the C. For the global analysis of the results, the coefficient was averaged over the last 4 values determined, i.e. the last two hours of each run. For example, as given in Figure 8 , the averaged w-t-s heat transfer coefficients were 293 ± 32 W.m −2 .K −1 and 249 ± 29 W.m −2 .K −1 , respectively when heating the kiln in zone 2 and in both zones 1 and 2. The experimental results are summarized in Table 3 .
Effect of convection and radiation
Convective heat transfer has been mostly considered in the literature for the case of directly heated kilns with turbulent gas flow conditions. Although the order of magnitude for the wall-to-gas (w-t-g) heat transfer coefficient, in the case of no axial forced flow of the gas, determined to be above about 10 −2 W.m −2 .K −1 may seem quite small, it must be mentioned that while using a correlation recommended by [48] , [37] found a w-t-g heat transfer coefficient about 1 W.m −2 .K −1 for a low gas flow within an industrial kiln with a length-to-diameter ratio of 6.6. Radiation within the kiln may be very high and can dominate the heat transfer at high operating temperatures. [32] specified that, in general, at temperatures below 300-400°C, the contribution of radiation is negligible, around 700-900°C, radiative and convective heat transfers have the same order of magnitude, and above 1000°C radiative transfer becomes dominant. In this study, experiments were conducted at low to medium temperatures: 100-500°C.
Figures 9 shows the variation of the w-t-s heat transfer coefficient when assuming neither convection nor radiation, then only convection and finally both convection and radiation, at 100, 300 and 500°C setpoint temperatures. The results show that the convective heat transfer has no significant effect on the calculations of the w-t-s heat transfer coefficient, since whatever the setpoint temperature, the error introduced by making the assumption of negligible convection is very small, about 0.05%, whereas the effect of the radiative heat exchange at the wall on the heat transfer coefficient grows as the setpoint temperature increases. Had the radiation (and convection) been neglected, the calculations might have led to an overestimation of the heat transfer coefficient by about 7% at 100°C, 13% at 300°C and 16% at 500°C on average.
Effect of operating parameters
The influence of the operating parameters, namely the mass flow rate, the exit dam height and the lifter hold-up capacity on the w-t-s heat transfer coefficient were analyzed with the use of the filling degree, as the filling degree has been found to increase with these operating parameters [49, 50, 51] . Figure 10 shows the variation of the w-t-s heat transfer coefficient with the filling degree following a variation of the mass flow rate, the exit dam height and the lifter hold-up capacity. The results do not display a clear trend upward or downward contrary to what was observed in a preliminary analysis. However these results confirm a previous finding showing that the heat transfer can be enhanced depending on the lifter profile being used. Higher values of the heat transfer coefficient are obtained when using rectangular lifters while the coefficient is lower in the case of runs without lifters and even lower when using straight lifters. This suggests the existence of a critical lifter design that maximizes heat transfer.
The effect of the rotational speed on the w-t-s heat transfer coefficient is shown in Figure 11 . The rotational speed was varied while keeping a constant flow rate on the one hand and then a constant filling degree on the other hand. Except for the results obtained at a setpoint temperature of 500°C when varying the rotational speed at a constant flow rate, the coefficient increased with the rotational speed. A similar trend was found in a preliminary analysis ([39] chap. 6). Hence, the rotational speed which promotes the mixing effect within the rotary kiln as well as the temperature set point can be identified as possible parameters that might be optimized in order to enhance the heat transfer, while also taking into account the whole set of operating parameters.
Modeling of the wall-to-solid heat transfer coefficient
Modeling the wall-to-solid heat transfer is a complex task in particular due to the strong non-linearity of the radiation heat transfer. As presented below, the wall-to-solid heat transfer was correlated following a dimensional analysis. The experimental results were then compared with the predictions of models from the literature.
Model
The main purpose of this model is to come up with a prediction of the heat transfer coefficient between wall and solid particles, to be used in a global model of rotary kilns. Within a heated zone, this model takes into account the kiln design, in particular the internal diameter, the bulk thermal properties, and the operating conditions, namely rotational speed, presence of lifters, filling degree and temperature set at the wall. Considering the Buckingham (Π) theorem, the coefficient is expressed in terms of dimensionless numbers as follows [52] : 
In Eq. 16, K, K α , ..., K δ , α, ..., δ are the model parameters, ω = 2π 60 N is the kiln angular speed,
is the bulk diffusivity, [HU ]% is the kiln filling degree in percent. Note that: (1) the constants K α , K β , K γ , and K δ , used to facilitate the determination of the model parameters, were respectively set at 10 −3 , 10, 10 −2 , and 10 −4 , (2) the effective bed conductivity, k b , can be determined at the heating temperature at the wall, T w , if the solids temperature is unknown. The model parameters given in Table  4 were determined with a Matlab using a nonlinear method based on iterative least squares estimation to minimize the discrepancy between the experimental results and the model calculations. These parameters are given with a confidence level of 95%. Figure 12 shows a comparison of the experimental results with the model calculations. Even though there are a few discrepancies, in general there is a good agreement between model calculations and experimental results within the 20% margins. If the model aims to be applied beyond its limits of validity, this must be done with a great deal of caution. It should be mentioned, however, that this model is only valid outside the field of radiation-dominated heat transfer, which is usually the case at low to medium heating temperatures. However, in the future the correlation presented here can be suitably modified to better take into account the effect of radiation at very high temperature. This will require extending the experimental matrix to higher heating temperatures at the wall, while at the same time varying the other parameters studied.
The set of parameters determined for Eq. 16 from the experimental results implies that the wall-to-solid heat transfer increases with the kiln rotational speed, the filling degree, and the heating temperature at the wall. Eventually, the coefficient also increases following an increase in the wall-to-solid contact area, possibly due to the presence of lifters. The latter trends, even if not strictly established while analyzing the actual results, were clearly established in a preliminary analysis ([39] chap. 6). Figure 12 : Comparison of experimental wall-to-solid heat transfer coefficients with predictions from Eq.16 using the set of parameters given in Table 4 . Solid lines are ±20% margins. See next section for the definition of the performance criterion J.
Predictive performance of selected models from the literature
In this section, the experimental results are compared to the predictions of the models defined by [25, 30, 34] as given respectively in Eqs. 1, 2 and 3. Figure 13 shows the comparison between experimental results and model predictions. [30] , c) [34] . Solid lines are ±20% margins.
In order to better assess the predictive performance of the different models, a criterion in performance assessments, J, is defined as follows:
This criterion can be defined as the sum of the relative square errors between predictions and experimental results, relative to the number of experiments, N T . The lower the value of this criterion, the better the predictive performance of the model. Although it must be admitted that the 3 selected models give results in about the same order of magnitude as the experimental results, these results are significantly scattered across the 20% margins. In general these models fail to represent the variation of the coefficient with the operating parameters. None of these correlations explicitly account for the operating temperature; indeed the bed thermal conductivity varies very little as the temperatures is increased to 500°C. As a result, the predictions are virtually constant; this is notably the case for the predictions calculated from [25] correlation, which mostly vary with the rotational speed and nothing else. It must be noted, however, that at 100°C there is quite good agreement between the predicted and experimental results. In the case of the predictions obtained from [30] correlation, the dispersal around the parity line appears greater than that previously observed; indeed Eq.2 takes into account the filling degree, rotational speed and temperature through the thermal diffusivity. The predictions calculated from [34] correlation display 3 patterns that are associated with the 3 heating temperatures set at the wall in this study, very similar to the results from the correlation proposed by [25] ; no other variation is observed. Among the 3 selected models, as shown in Figure 13 , the lowest value of the criterion J is obtained from Eq.1 by [25] . Nonetheless, as given in Figure 12 , it should be pointed out that these criteria are 2 to 10 times higher than that obtained from Eq.16 while using the set of parameters given in Table 4 .
Conclusions
In this study, the heat transfer coefficient between the wall and solids was investigated. The coefficient was determined from a heat balance with the use of experimental data comprising power supplied for the heating and temperature profiles measured within a continuously fed rotary kiln. The contact areas, through which heat transmission occurs, were defined so that the presence of lifters, as well as surface roughness are taken into account. The main results of the above study can be summarized as follows:
• The wall-to-solid heat transfer coefficient was found to be of the order of magnitude about 10 2 W.m −2 .K −1 .
It may vary by up to 24%, over the temperature range set at the wall examined in this study, if the radiative heat transfer is neglected. Convection has little or no effect on this coefficient, in this case where there is no axial forced flow of gas.
• The effect of the operating parameters on the coefficient are not always obvious. However, in this study as also shown in the preliminary analysis ( [39] chap. 6), and as expected intuitively, the effect of the lifter design on the coefficient suggests a critical lifter design that may be optimized in order to enhance heat transfer. The coefficient is also found to increase with the rotational speed, especially at a constant filling degree.
• From the experimental results, a model based on dimensional analysis is proposed for the prediction of the wall-to-solid heat transfer coefficient within rotary kilns. The correlation is valid for a wide range of operating conditions. However, it should be applied to kilns operated at low to medium temperatures to have full confidence in the results. The proposed correlation successfully represents the majority of experimental results, at least better than the set of correlations selected from the literature.
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Appendices
A Calculation of the heat losses through the insulation
The heating zones are thermally insulated from the surroundings using a 110 mm multilayer insulation composed of alumina-based fiber. The heat loss per unit length of an insulated kiln tube within the heated zone(s) is estimated as follows:
R total with the heat transfer resistance defined as follows:
The thermal conductivity for insulation material was found in the literature [53] ; a value of k ins = 0.125 W.m −1 .K −1 was used for the calculations. The heat transfer resistance due to insulation is determined as follows:
The air side heat transfer coefficient is determined as follows:
The heat transfer coefficient due to radiation at the insulation external wall is determined as follows:
where the average temperature isT = Ta+T ext   ins   2 , with T ext ins the temperature at the insulation cladding surface, and the value used in the calculation for the emissivity of the latter surface is ε ext ins = 0.05. The convective heat transfer coefficient is calculated based on a correlation by Churchill and Chu for the free convection from horizontal cylinders, but restricted to the laminar range of 10 −6 < Gr Pr < 
B Bed depth profile measurements
The aim of the bed depth profile measurements was to measure precisely the bed depth in particular within the heating zone 2 of the kiln. For that purpose a measuring rod was designed. The rod is equipped with ten stems measuring 50 mm in length and 5 mm in diameter, and it can be easily fitted inside the kiln using the existing system used to hold the TC measuring rod. The stems are attached to the rod using boss-heads. The measuring rod and the stems' positions (numbered from 1 to 10) are shown in Figure 14 . Note that positions 1, 3, 5, 7 and 9 highlighted in gray correspond respectively to sections S1 to S5 identified in Figure  3 . Figure 15 sums up the main steps of the procedure. Each run was repeated 2 or 3 times. The following experimental procedure was used to measure the bed depth:
1. The stems are cleaned and coated with glue over the whole length.
2. The measuring rod is then installed inside the kiln and its support fixed to the kiln frame.
Steady flow conditions are achieved:
(a) Before starting the run, the following operating parameters must be set: a) the suitable lifter structure, either straight (SL) or rectangular (RL) lifters, or none (NL); b) the exit dam of either 13.5, 23.5 or 33.5 mm, or none; c) the kiln must be tilted to the desired slope; d) the kiln rotational speed N and desired solids mass flow rate are set to the desired value by adjusting the corresponding motor rotational frequency. The rotary kiln is then started and the feed hopper regularly filled with the operating solids to keep it topped up till the end of the run. (b) The system is run until it reaches steady-state conditions, usually after 2 to 4 hours. The steady state is assumed to be reached when at least three consecutive measurements of the flow rate at the kiln outlet are equal within a margin of ±0.05 kg.h −1 .
4. The bed burden is discharged and weighed: The rotary kiln rotation is stopped and the screw feeder disabled at the same time. If present, the exit dam is removed. Then only the kiln rotation is started again and the solids are discharged. The collected solids which constitute the kiln hold-up are weighed.
5. The measuring rod is removed from the kiln and the height of particles clinging to the stems are measured using a slipping caliper. Figure 16 displays the resulting bed depth profiles in zone 2 determined either by experimental measurements or with the use of Eqs. 11 and 12.
C Uncertainty calculations
Let f be a function dependent on p independent variables: f (x 1 , x 2 , ..., x j , ..., x p ). The uncertainty of the function f can be determined as follows [54] :
where ∆x j is the uncertainty of the independent variable. In our case the independent variables were measured, and the value of their uncertainties were determined from the two existing approaches [54] : Type A and Type B evaluations. Type A estimates the uncertainty using statistics; this was used when repeated readings were available. Type B estimates the uncertainty from calibration certificates, manufacturer's specifications, or calculations.
The uncertainties of the variables used were determined to calculate the uncertainty of the heat transfer coefficient in this study. The uncertainty of variables are given in Table 5 . Figure 16 : Experimental and calculated bed depth profiles in zone 2 for varying operating conditions without lifters. Eq.12 is used to determine of the kiln bed depth. The standard deviation of the calculated bed depth with respect to the experimental measurements is also given.
